The limitless presence of pharmaceutical contaminants in discharged wastewater has emerged as a threat to aquatic species and humans. Their presence in drinking water has although raised substantial concerns, very little is known about the fate and ecological impacts of these pollutants. As a result, these pollutants are inevitably introduced to our food chain at trace concentrations. Unfortunately, the conventional wastewater treatment techniques are unable to treat pharmaceuticals completely with practical limitations. The focus has now been shifted towards nanotechnology for the successful remediation of these persistent pollutants. Thus, the current review specifically focuses on providing readers brief yet sharp insights into applications of various nanomaterials for the removal of pharmaceutical contaminants.
INTRODUCTION
Over the past two decades, the rapid socio-economic development around the globe has greatly influenced our personal apprehension for better hygiene and healthcare. The pharmaceutical sector has emerged as one of the main beneficiaries of such progress where uses of Pharmaceuticals and Personal Care Products (PPCPs) have been witnessed with improved accessibility and affordability [1] . By definition, pharmaceuticals are substances or their mixture intended for use in diagnosis, treatment and cure of diseases for human welfare [2] . They can be broadly classified as antibiotics, analgesics, anticonvulsants, anti-malarial, nonsteroidal antiinflammatory drugs (NSAIDs) and anti-diabetics. As per a recent data, there has been 36% increase in global demand for antibiotics over a period of 10 years from 2000-2010 [3] . The pharmaceutical sector in India alone exported over 17.27 billion USD in [2016] [2017] and is expected to rise at 20 billion USD by 2020. However, the major downside associated with such an extensive consumption of pharmaceutical products is their uncontrolled discharge into both aquatic and terrestrial ecosystem [4] . The centralized production units, effluents of wastewater treatment plants, garbage, blind disposal of unused medicines in drains are few of those common routes through which the Pharmaceutical Active Compounds (PhACs) enter into our waterways [5] . The worst part is nearly 60-90% of the administered dose of pharmaceutical products is *Address correspondence to this author at the Department of Biotechnology, Thapar Institute of Engineering and Technology, Patiala-147004, Punjab, India; Tel: +91-8427243493; E-mail: shekhar.agnihotri@thapar.edu excreted non-metabolized in stool or urine and subsequently entered into main water stream even without being treated properly [6] . As a result, these contaminants can be found in ground and surface waters even at a very high concentration ranging from 100-10000 mg L -1 [7] . The exposure to PhACs may cause toxicological implications in marine organisms and are responsible for the development of drug-resistant pathogenic strains in surface waters. Particularly, the inhibition of proliferation of human embryonic cells by a complex cocktail of antibiotics and the development of antibiotic resistance genes, which are transferable among bacterial generations have been witnessed [8] [9] [10] . Pharmaceutical contaminants have also been suspected to be associated with altered reproductive systems in males, altered immunity and neurodevelopment delays in children [11] . They seem to affect human health directly as their presence has been detected in our food chain including vegetables, fruits and drinking water [12, 13] .
A major proportion of pharmaceutical products and other Endocrine Disrupting Chemicals (EDCs) is categorized as the emerging contaminants [14] . They tend to persist in the environment over a longer period because of their recalcitrance nature and ultra low biodegradability. Numerous conventional wastewater treatment techniques for removing PhACs and EDCs have been reported such as activated sludge, microalgae, ozonation, wetlands and adsorption [1, 2, 15] . Unfortunately, most of the conventional treatments have failed to completely remove the pharmaceutical compounds from water and hence, some synergistic approaches would require achieving their full recovery from aquatic sources. Meanwhile, it is of significant concern to develop some effective technologies for removing pharmaceutical contaminants at their sources of generation, especially drugs from hospital and domestic wastewaters before discharging them into the environment. Hence, novel approaches using nanomaterials have been employed for the desired water quality and process efficacy. In this review, the source, fates and hazards of pharmaceutical contaminants to the environment followed by the nanotechnology based treatment methods employed for their removal have been thoroughly investigated and summarized.
) were found to be the most abundant in surface waters. When present on water surface, these contaminants are likely to enter in drinking water systems through municipal water supplies [1] . A few of the common risks to humans and marine organisms through PhACs include chronic toxicity, endocrine disruption, reproductive impairments, increased incidence of breast and testosterone cancers, reduction of sperm of human organ, decreased fertility and increased drug resistant bacterial strains. Several issues related to intersex alteration among alligators, frogs and feminization of fish upon exposure to certain class of endocrine disruptors have also been evidenced [17, [24] [25] [26] .
Not only aquatic animals, but the microbial ecosystem is also largely affected by the presence of phACs in wastewaters. The release of antibiotics and disinfectants into the aquatic system is detrimental for cyanobacteria which accounts for more than a third of total oxygen and carbon dioxide fixation in the environment [27] . The significant chronic effect of carbamazepine against Chiromus (oligochete) at environmentally relevant concentrations is also reported [28] . In a similar fashion, the exposure to a mixture of fluoxetine and clofibric acid have caused high mortality and alterations in Daphnia sex ratios [29] . The antibiotic ciprofloxacin, mainly used against infectious diseases has a very slow biodegradation process in wastewater treatment plants and causes many side effects such as stomatitis, leukopenia, and vomiting in human beings when entering into their metabolic systems [30] . On the basis of the aforementioned potential threats and increasing demand of clean, pollutant free water, the efficient removal of PhACs from aqueous ecosystem is of the utmost concern.
CONVENTIONAL WASTEWATER TREATMENT METHODS
Municipal waste water treatment plants are generally equipped with conventional treatment strategies to remove suspended or flocculated organic, inorganic matter and pathogens. However, such treatments often critically found to be ineffective for removing pharmaceutical contaminants from aqueous system for three main reasons. Firstly, the biodegradation based treatments are not worthy as the pharmaceuticals are inherently toxic to the biological species employed. Second, the physico-chemical properties of sludge affect the sorption ability of pharmaceuticals contaminants during sorption based treatments. Lastly, PhACs are chemically very stable due to the presence of complex aromatic rings, hetero-atoms and functional groups hence are susceptible to simple oxidation or photocatalytic treatments [15] . For instance, Nakada et al. (2006) [31] measured 18 pharmaceuticals based on 24 hours composite samples of influents and secondary effluents from five municipal sewage treatment plants in Tokyo. Out of all anti-inflammatory, antiseptics, endocrine disrupting chemicals and natural estrogens, only a few contaminants showed effective removal efficiency. While drugs such as ketoprofen, naproxen and amide-type pharmaceuticals were only removed by 50% and were present in significant amount in the effluents. Thus large variability has been reported for the removal efficacy of PhACs from treated influents on account of their physicochemical properties, surface hydrophobicity, chemical stability and non-biodegradable nature [31, 32] .
In general, activated carbon and ozonation are ubiquitously employed to treat the effluent of conventional activated sludge treatment [33] . Activated carbon relies on sorption of the contaminants to the fine porous carbon surface commonly used as a granular or powdered form in a packed filter. Ternes et al. (2002) [34] have although shown the efficacy of activated carbon in removing pharmaceuticals but are not applicable for all class of pharmaceuticals. This is because the presence of several other organic compounds (e.g., humic acid) present in natural water compete with pharmaceuticals contaminants for the adsorption sites in activated carbon resulting in diminishing the efficacy of the entire treatment process [34] [35] [36] . Ozonation also failed to work as an effective tool for PhACs removal because of the formation of toxic transformation products on account of the partial oxidation of pharmaceutical compounds and reaction with other components present in matrix [37, 38] . To overcome these limitations, an advanced process i.e. catalytic ozonation was developed which demonstrated an enhanced efficiency for organic contaminants removal. However, the adsorption and diffusion of PhACs on catalysts turned out to be the rate limiting step and hence, new class of photocatalyst is still required to overdo these challenges [1, 39] .
For instance, Bollmann et al. (2016) [40] performed removal of amisulpride, sulpiride and lamotrigine in municipal wastewater treatment plants using ozone treatment. The ozonation of all three pharmaceutical drugs was evidenced to form N-oxidation products which failed to be degraded by the biodegradation experiments using activated sludge. Similarly, Chtourou et al. (2018) [41] demonstrated that membrane bioreactor alone is not sufficient to achieve a satisfactory degradation (> 90%) due to the membrane fouling since a few drugs inhibited the microbe-assisted degradation processes. Since the conventional technologies alone are not suited for the efficient degradation of PhACs, some pre-treatment strategies such as adsorption techniques or hybrid processes would be required to achieve the desired water quality [40] . In recent years, novel materials at their nanoscale are continuously being exploited to improve the conventional water treatment techniques and have shown good potential.
ADVANCED TREATMENT METHODS USING NANO-MATERIALS
The recent advances in nanotechnology have provided incredible opportunities for developing novel strategies that can impressively degrade PhACs during wastewater treatments. Nanoscale materials having a size range between 1-100 nm are equipped with extraordinary physico-chemical properties such as high surface area, surface activity, photosensitivity, and catalytic activity [1] . The nano-enabled technologies have been developed to maximize catalytic properties and mechanical durability for the removal of organic/inorganic contaminants [42] . Also, there is a wide scope of surface-functionalization of nanomaterials which may increase their catalytic affinity towards target compounds, enhancing chemical and environmental stability and promoting reuse [43] . Currently, the most exploited nanomaterials for wastewater treatments include nanostructured carbon based catalysts i.e., carbon nanotubes, graphene, graphene oxide, nano-adsorbents, metal oxides nanoparticles, nano-assisted advanced oxidation processes, and nanofiltration membranes [30, [44] [45] [46] [47] . Moreover, the contemporary technologies also tested the blend characteristics of more than one nanomaterial for exhibiting multifacet properties in the resulting nanocomposites. The removal of pharmaceutical contaminants using graphene oxidecoated biochar, magnetic graphitic carbon nitride and TiO 2 based nanocomposites are a few of such examples [2, 48, 49 ].
Adsorption
Out of numerous techniques developed for water purification, adsorption has gained considerable attention owing to easy operation, low cost and a vast array of adsorbents available. Different adsorbents, such as natural clay, zeolites and synthetic polymeric adsorbents have been used for water treatment over last decades in batch mode and can be utilized as per their molecular characteristic, topography, porosity and thermal stability. The efficiency of conventionally used adsorbents is although limited due to their physico-chemical drawbacks such as small surface area, less active sites, and lack of selectivity. However, researchers have developed several nanoscale adsorbents for the removal of aquatic pollutants with a targeted mechanism. These nanosorbents can be of organic or inorganic nature with large specific surface area, catalytic potential, high reactivity, high specificity, and can be easily modified thereby providing a practical solution to reduce water contamination. 4.1.1. Carbon Based Materials 4.1.
Activated Carbon
Carbon based adsorbents such as activated carbon, graphene, and carbon nanotubes are studied extensively owing to their high adsorption capacity and thermal stability [50] [51] [52] [53] [54] [55] [56] . The adsorption of PPCPs on carbon-based nanomaterials can be attributed to any one of the possible interactions i.e., hydrophobic effects, -stacking, hydrogen bonding, electrostatic, and covalent interactions, which in large depend upon the type of contaminants, adsorbents and the composition of the solution [57] [58] [59] [60] [61] [62] [63] . One of the most common adsorbents is granular activated carbon, which is also known as Activated Charcoal (AC). The surface area of the activated carbons generally ranges from 300 to 2500 m 2 g -1 [64, 65] . Activated carbon have been used for removal of pharmaceutical contaminants such as tetracycline [66, 67] , amoxicillin [68, 69] , cephalexin [70, 71] , ronidazole, sulfamethoxazole [72] , and quinolone [73] . [74] improved the adsorption capacity of AC by introducing Fe +3 for the removal of sulfamethazine during batch experiments. Through electron micrographs (Fig. 1) , authors demonstrated that incorporating Fe +3 increased the number of adsorptive sites (surface oxygenic functional groups) changing the surface area, pore volume and surface zeta potential. Moreover, the deposition of Fe +3 at mesoporous sites during activation process also broke them into microporous structures, facilitating a maximum adsorption amount of 17.2414 mg g -1 sulfamethazine on to the modified AC. The combination of activated carbon fibres and electrochemical circuits for the adsorption of ionisable antibiotics i.e. sulfadimethoxine, ciprofloxacin, and clarithromycin in continuous flow modes was also investigated [75] . The electronic system enhanced the adsorption capacity of activated carbon by 5 folds where 97% recovery efficiency was achieved by imposing a reverse potential. Despite this, the regeneration problem of activated carbon is still a major concern after adsorption, when claiming for its reusability [76] . To overcome the regeneration efficiency different methods have been employed recently. Zhang and co-workers developed a flow-through electro-Fenton and in situ regenerative active carbon system for the adsorption of tetracycline [77] . The removal efficiency for the antibiotic reached over 90% and the system was stable for 5 consecutive cycles, while maintaining the activated carbon regeneration at about 95.2%. Although it was observed that the regenerated activated carbon was not as efficient as used for the first time. The environmental conditions such as the solution pH and temperature also influence the adsorption process of pharmaceutical contaminants [78] . The response surface methodology was employed optimizing the process conditions for the removal of metronidazole and sulfamethoxazole. It was observed while temperature had the greatest influence on the adsorption of sulfamethoxazole, a variation in pH significantly influenced the removal of metronidazole. Under optimum condition, the adsorption efficiency was found to be 93.5 mg g -1 and 107.4 mg g -1 for sulfamethoxazole and metronidazole respectively as fitted to the Langmuir model.
Biochar
Another carbon based material, Biochar (BC) is produced by either thermal or hydrothermal processes under low oxygen atmosphere at very high temperatures [79] . Biochar is similar to the activated carbon in respect to synthesis procedure, structure, and physiochemical properties. Biochar obtained from various biomass sources have been studied for the adsorption of pharmaceutical contaminants i.e., oxytetracycline, sulfamethazine, sulfonamides, chloramphenicol, sulfamethoxazole and sulfapyridine [24, [80] [81] [82] [83] [84] [85] . Biochar can be easily modified via nanomaterial incorporation to enhance their surface area, porosity, adsorption capacity and functionality [82] . Biochar has been used for the removal of antibiotics from waste water owing to its adsorptive properties where electrostatic interaction, hydrogen bonding, and the pore-filling, all work concurrently for the removal of organic contaminants (Fig. 2) . Among all interactions, the electrostatic attraction is reported as the major mechanism for the adsorption of organic contaminants. Biochar carries a number of surface functional groups (carboxyl, hydroxyl, amines) whose behaviour strongly depends on the solution pH. For a suspension having a pH lower than its point of zero charge (pH<pHz), these functional groups exist in their protonated form and thus will attract anionic contaminants [86] . Similarly, for the condition pH > pHz, the surface of biochar would be negatively charged resulting in a high adsorption of cationic species. The morphological characteristics of adsorbent and adsorbed molecules also play a crucial role in the adsorption properties of biochar. The 'pore filling' is an important phenomenon for the adsorption of organic contaminants over the biochar which explains that the adsorption capacity is directly proportional to the surface area of the micropores [87] . High surface area and high pore volume are reported to increase the adsorption of organic molecules owing to the high 'pore filling' effect.
Carbon Nanotubes
Carbon nanotubes, owing to their unique structural, electronic, mechanical, and physico-chemical properties have been extensively studied for the removal of different contaminants from water bodies [51, [88] [89] [90] . Particularly, their high adsorption capacity makes them a favourable nanosorbent for pharmaceuticals and personal care products (PPCPs) [62] . As a result, CNTs or CNTs based composites have been widely utilized in the recovery of pharmaceuticals such as sulphonamide [91] , iopromide [92] , tetracycline [93] , ciprofloxacin [94, 95] , ofloxacin, norfloxacin [96] , amoxicillin [46, 97] , sulfamethazine [98] , and pefloxacin [99] . As shown in Fig. (3) , the -and n-interactions are considered as one of the dominating mechanisms responsible for the removal of organic contaminants Fig. (2) . Schematic representation of various mechanisms involved during adsorption of organic contaminants to biochar. Fig. (3) . The adsorption of organic contaminants onto CNTs' surface through various interactions.
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Current Drug Metabolism, 2018, Vol. 19, No. 00 5 using CNTs. It is believed that the -interactions occur due to the presence of both, the electron-deficient and the electron-rich regions available to either CNT or contaminants' surface. The exact role of CNT during the adsorption mechanism cannot be cannot be fixed at every situation, since CNTs are reported to act both asdonors and -acceptors [100, 101] . On the other hand, the n-interactions occur between lone pair of electrons (nitrogen or oxygen moieties) available within the organic contaminants and theelectron depleted regions of CNTs' surface. At a higher pH, the amino and hydroxyl groups of organic molecules may become ionised resulting in an enhanced n-interactions and thus, a higher adsorption capacity [100] . The hydrogen bonding also plays a major role in the absorption of organic compounds on carbon based materials [102] . Previous reports have indicated that the Lewis acid-base interactions may also act as an additional interaction for facilitating high adsorption of organic molecules [100, 103] .
A comparative evaluation of the adsorption capacity of singlewalled CNTs (SWCNT), multiwalled CNTs (MWCNT) and powdered activated carbon were performed against lincomycin and sulfamethoxazole as model drugs [92] . The adsorption capacity was found to be a function of the specific surface area of nanoadsorbents with a relative order of SWCNTs>AC>MWCNTs. SWCNTs appeared to be the best adsorbent for the removal of oxytetracycline and ciprofloxacin from aqueous solution as compared to other forms of carbon nanotubes i.e., double walled (DWCNTs) and MWCNTs [104] . It was determined that the adsorption capacity of CNTs primarily depends on its four active surface adsorption sites i.e. external surface, internal cavities, interstitial, and groove area between nanotubes. Due to the blocking effect of impurities and small size, the inner cavities and interstitial areas of CNTs do not play an active role in the adsorption process [105] . Thus, the majority of scope lies with manipulating the external surface for enhancing the CNTs functionality. Therefore, many efforts were precisely devoted to somehow enhance the specific surface area of CNTs through suitable surface modifications.
The functional activation of CNTs is a promising technique for introducing functional moieties for increasing the specific surface area, which eventually employed for the adsorption of various pharmaceutical contaminants [106] . For example, Ji and co-workers [51] used KOH dry etching method to functionalize CNTs which resulted in increased surface area from 410.7 to 652.8 m 2 g -1 and 157.3 to 422.6 m 2 g -1 for SWCNTs and MWCNTs, respectively. Subsequently, the adsorption capacity for the tested antibiotics sulfamethoxazole, tetracycline, and tyrosine was increased from 2-8 times [51] . Recently, ionic liquid modified CNTs were employed for adsorption studies of sulfamethoxazole [107] . MWCNTs undergoing various degrees of oxidation have been explored for their respective adsorption capacities for tetracycline, ciprofloxacin and pefloxacin from aqueous solution [93, 95, 99] . It was also observed that the reaction pH and temperature also greatly influence the removal capacity of pharmaceuticals using functionalized CNTs [94] . The working pH seems to influence the extent of interactions between an adsorbent and adsorbed material thereby the relative hydrophobicity/hydrophilicity can be an important parameter for designing the nanomaterials [108] .
Other important aspects while employing colloidal nanomaterials for environmental remediation are their poor separation after use, blockage of sorption sites and most importantly, leaching of nanomaterials into the environment which are potentially hazardous [109] [110] [111] . Immobilization of nanoparticles on to a support matrix, polymeric hydrogel, photo-sensitive material is one of those few ways which have been successfully evaluated to minimize the above limitations [54, [112] [113] [114] [115] . For instance, Fazelirad et al. [116] used magnetically separable CNTs for the removal of amoxicillin from an aqueous solution which could be used multiple times with fairly good efficacy. Similarly, Wang and co-workers utilized nanocomposite membranes incorporating SWCNTs and MWCNTs for the removal of triclosan, acetaminophen, and ibuprofen [117] . Authors reported that the removal efficiency increased with increasing numbers of aromatic rings in drug molecules, decrease in oxygen content and increase in total surface area of the nanocomposite. In a recent study, CNTs based membrane integrated with the conventional pre-coagulation technique enhanced the adsorption and filtration efficiency of active pharmaceuticals acetaminophen, triclosan, and carbendazim by 34% [118] . A pre-coagulation facilitated the removal of organic matter present in natural waters, which is known to diminish the adsorption capacity of nano-adsorbents. To overcome the aggregation problem of CNTs in solution, intercalation of other molecules can be a potential solution [119] . The intercalation of various concentration of decafluorobiphenyl in hydroxylated carbon nanotubes enhanced the specific surface area and pore volume of functionalized CNTs and hence a high adsorption capacity for both carbamazepine and tetracycline drugs was manifested than the unmodified CNTs. MWCNTs, when anchored to amine functionalized Metal Organic Frameworks (MOFs) also demonstrated higher adsorption efficiency of various tetracycline based pharmaceutical compounds than pristine MWCNT or their individual ingredients (MOF, biochar) [120, 121] .
Graphene/Graphene Oxide
Graphene is a two-dimensional (2D) allotrope of carbon with sp 2 hybridization having a mono atomic layer honeycomb network. The presence of highly delocalized -electrons, thin structure and high mechanical strength make graphene/graphene oxide suitable alternatives for the existing pollutant removal strategies during remediation applications [122] . Graphene and graphene oxide have been exploited for the adsorption of various pharmaceutical pollutants like, tetracycline [105] , ciprofloxacin [123, 124] norfloxacin [123, 125] , diclofenac, sulfamethoxazole [124, 126, 127] , sulphonamide [128, 129] and amoxicillin [130] . Peng et al. 2016 [131] studied the adsorption of different pharmaceutical molecules on graphene and biochar. They reported a high rate of adsorption to the graphene sheets because of high -interaction between aromatic rings on adsorbed pharmaceuticals and graphene. The introduction of three different types of carbon microstructures was distinguishable through SEM images (Fig. 4) . However, carbon nanocomposites during the fabrication process were blended well since no micron level multi-gap structures were observed. Yu et al. 2015 [132] used alkali (KOH) activated graphene for the adsorption of ciprofloxacin (194.6 mg g -1 ) in aqueous solution where the specific surface area of graphene as increased from 138.20 m 2 g -1 to 512.6 m 2 g -1 due to the generation of more oxygen containing functional moieties after alkaline treatment. The mechanism for adsorption was assigned to the multiple interactions during adsorption process viz. hydrogen bonding, -electron donor-acceptor interactions, and electrostatic interactions. However, graphene oxide inherently consists of various surface functional groups which can be modulated under certain process conditions (synthesis pH, temperature, ionic strength), thereby affecting the adsorption capacity for sulfamethoxazole and tetracycline based drugs [122] . In order to elucidate its mechanism of actions, various kinetics models have been investigated under various process parameters [133] . In a study, the physicochemical conditions of the working solution (pH, ionic strength, organic matter, surfactants) showed great influence on the adsorption efficiency of graphite, graphene, reduced graphene oxide (rGO), SWCNTs, and MWCNTs for PPCPs. The adsorption capacity was found in the order SWCNTs>rGO>MWCNTs>graphene> graphite. While increasing the concentration of both organic matter and detergents suppressed the adsorption efficiency of graphite and CNTs, no significant impact on rGO was manifested [62, 134] .
Furthermore, researchers have extended a few advanced technologies for fabricating nanocomposites based on graphene/GO/r-GO for effective adsorption of pharmaceutical pollutants from water bodies. A 3D porous graphene hydrogel utilized for ciproflaxin removal demonstrated good adsorption capacity (235.6 mg g -1 ), excellent adaptability and interaction with water within the hydrogel [135] . In another study, sodium alginate/graphene oxide composite beads (hydrogel and aerogel forms) were investigated for the adsorption capacity of ciprofloxacin where the introduction of sodium alginate increased the porosity of resulting composite [136] . Similarly, the incorporation of Graphene Oxide (GO) nano sheets on to MWCNTs have been successfully tested for tetracycline removal owing to greater electrostatic interactions between drug and nanocomposite [137] . While the applications of graphene/GO is represented as nano-adsorbents in this article, they are thoroughly exploited for photocatalytic, water disinfection and antimicrobial purposes in various studies as well [138] .
Zeolites
Zeolites are the minerals consisting microporous, crystalline hydrates of aluminosilicate. Owing to their unique intrinsic properties, zeolites have been studied for their industrial applications such as catalysts, ion-exchanger, and adsorbents in water treatment processes [139] [140] [141] [142] . The 3D framework structure of nano-zeolites, their pore size and the associated physicochemical properties can be modified by changing the silica: alumina ratio [143, 144] . Zeolites with high silica alumina are hydrophobic in nature and thus were primarily been used for the removal of organic pollutants in wastewater. However, their nature attributes i.e. large pore volume, adjustable pore structure, high surface area and high reaction activity have drawn attention for the removal of pharmaceuticals and PPCPs also [145] . Natural zeolites with high silica content were used for the first time for the removal of pharmaceuticals from spiked lake water and its adsorption capacity was compared with activated carbon and resin [146] . Although zeolites were found to be less efficient for drugs removal as compared to activated carbon or resins, it paved a new pathway for other researchers to synthesize nanozeolites with specific functionalities. Later, chemically synthesised zeolites were successfully employed for the adsorption of sulphonamide [147, 148] , azithromycin, sulfamethoxazole and ofloxacin drugs [149] . Braschi and co-workers [150] studied the effect of two humic monomers (vanillin and caffeic acid) on the adsorption capacity of high silica zeolites for sulfamethoxazole. It was observed that while vanillin and sulfamethoxazole form a stable complex via guest-guest interaction, the adsorption of vanillin was reversible with varying pH as contrary to sulfamethoxazole adsorption. In another study, Zeolite-hydroxyapatite-activated oil palm ash composite prepared using hydrothermal route was successfully employed for the adsorption of tetracycline in the batch process [151] . They concluded that an increase in the activated oil palm ash ratio resulted in enhancing the surface area of the composite and contributed for the enhanced adsorption capacity. The maximum adsorption capacity of the composite for tetracycline was found to be 186.09 mg g -1 , 212.56 mg g -1 , and 244.63 mg g -1 at 30°C, 40°C and 50°C respectively. Zeolite based membranes have also been investigated for the removal of pharmaceuticals, which will be discussed in later sections.
Other Nano-adsorbents
Apart from carbon based materials, several other nanomaterials have been evaluated for their pharmaceutical adsorption capacities.
For instance, molybdenum disulfide nanosheets have been studied for adsorption of doxycycline (310 mg g -1 ) drug owing to its graphene like morphology [152] . The adsorption mechanism of molybdenum disulphide was mediated via -interaction, electrostatic interaction and the hydrophobic effect. Boron Nitride (BN) is yet another 2D material mimicking graphene like morphology adorned with extraordinary properties such as high surface area, high chemical stability, and high oxidization resistance. The adsorption capacity of BN based materials have been explored for the removal of both organic and inorganic pollutants from aqueous solution where the mechanism of adsorption is mediated throughinteractions, electrostatic interactions, and the surface complexation [153] . In a recent study, a 99% removal of tetracycline and chlortetracycline hydrochloride was reported using highly porous boron nitride nanosheets within 300 and 120 minutes, respectively [154] .
Silica based materials such as soils, montmorillonite, magnetic porous carbon, and surface-functionalized mesoporous silica have also been employed for the adsorption organic pollutants owing to their eco-friendliness and high efficiency [155] [156] [157] [158] . SBA-15 is one of the frequently used Mesoporous silica variant for a wide range of applications for heavy metal adsorption [159, 160] . Zhang et al. 2015 [161] tested the adsorption capacity of amino-Fe (III) functionalized SBA15 for the removal of tetracycline drug. It was reported that the complexation of Fe (III) with the aminefunctionalised SBA-15 significantly improved the adsorption capacity of the adsorbent. The adsorption capacity was found to be 143.31, 96.91 and 69.15 mmol kg -1 for oxytetracycline, tetracycline and chlortetracycline, respectively. Layered double hydroxides (LDHs), due to their layered morphologies and good intercalation properties for capturing inorganic/organic ions have also been used for the removal of pharmaceutical pollutants [162, 163] . Recently, the adsorption of metronidazole from aqueous solution was performed using magnesium/aluminium layered double hydroxide nanoparticles where the adsorption process was non-spontaneous and exothermic in nature with a maximum adsorption capacity of 62.80 mg g -1 [164] . With the advancement in synthesis and functionalization procedures, numerous engineered nanomaterials have been recently investigated for the adsorption of pharmaceutical pollutants. The adsorption of norfloxacin, tetracycline and ofloxacin as model drugs were reportedly achieved using the Ultra Long Hydrogen Titanate Nanobelts (UHTNs). The morphological analysis of synthesized UHNTs indicated that the hollow structure with high surface area (442.21 m 2 g -1 ) facilitated the maximum adsorption of these drugs far better than most of the inorganic adsorbents reported to date. The surface complexation was ascribed as the major mechanism for the effective adsorption [165] .
Photocatalysis
Photocatalysis is the catalysis of a photochemical reaction occurring at any solid surface, usually referred as a photocatalyst [166, 167] . Nature and the extent of the reactions taking place on the surface of the photocatalysts mainly depend upon their bulk, surface and electronic structures along with the intensity of photons absorbed by it. As shown in Fig. (5) , the electronic structure of a photocatalyst consists of a lowest occupied filled Valence Band (VB) and a highest unoccupied conduction band (CB). While absorbing a particular flux of photons equal to the energy band gap between the VB and CB, electrons (e -) excite from the VB to the CB leaving behind holes in the VB. The resulted photo-generated electron-hole (h + ) pairs get separated from each other and reached the surface of the photocatalyst to reduce the electron acceptor or oxidized donor species present at the catalytically active sites [168] . Thus, this process involves a set of at least two reactions, first is the oxidation from photogenerated holes and the second involves the reduction from photo-generated electron. A precise balance between these two reactions is required so as to avoid the alterations in the photocatalyst itself [169] [170] [171] [172] [173] . The reactions occurring during photocatalysis are shown as follows:
Hence, the most striking features of heterogeneous photocatalysis are summarized [174] [175] [176] [177] [178] [179] [180] as; i.
The application of clean and safe inexhaustible energy of the sun making it a sustainable, economical and nonhazardous technology ii. Complete degradation of pollutants into carbon dioxide and other inorganic molecules. iii. Application of cheap, reusable and non-toxic catalyst iv. Immobilization of the catalyst can be done on various types of inert materials, such as polymers, CNT, graphene oxides, glasses etc. Heterogeneous photocatalysis has shown rapid expansion in the recent years primarily focusing on nanomaterials for the removal of active pharmaceutical ingredients (APIs). Particularly, metal oxides at nanoscale i.e., titanium dioxide (TiO 2 ) [181] , zinc oxide [182] , tungsten oxide (WO 3 ) [183] , iron oxide [184] , graphitic carbon nitride [185] have shown tremendous catalytic performance attributed to their high surface area to degrade PPCPs. However, the catalytic efficacy of these nanomaterials is often limited by several reasons, such as i) low quantum efficiency in the visible region; useful only for UV light driven photocatalysis as their band gap lies in the UV region of spectrum accounts for only 4% of the total solar radiation, leaving the remaining spectrum unused, ii) electron-hole pair can undergo rapid recombination within nanoseconds in the absence of electron scavengers, such as O 2 , releasing heat without favouring any reaction [174, [186] [187] [188] . Thus, various strategies need to be adopted so as to narrow the wide band gap (suppressing electron-hole pair recombination) making the process efficient in visible light as well. These strategies include doping of metal oxides [189] , development of the heterojunction materials [190] , modulation of defect sites [191] , precise control of the reaction stoichiometry, functionalization of nanomaterials [192] and tailoring of metal oxide [193] as per reaction requirements. In this viewpoint, all relevant studies employing metal oxides are highlighted and their applications for pharmaceuticals removal are only discussed.
Titanium Dioxide (TiO 2 )
Titanium dioxide is one of the most extensively studied metal oxides due to its high photo activity, photo stability, chemically inert nature, low toxicity and mechanically robust behaviour [169, 172, 186, 194] . Over last decade, enormous research has been performed towards the applications of nano-TiO 2 for degrading recalcitrant pollutants over its bulk form. This is because, at nanoscale TiO 2 facilitates greater surface area and numerous active sites for improved adsorption of pollutants with shorter carrier diffusion paths [169, 195, 196] . TiO 2 exists in mainly three forms, anatase, rutile and brookite which can be differentiated on the basis of their crystal structures and surface chemistry [169, 197, 198] . The form of TiO 2 marks great influence on its stability and eventually to its catalytic activity. For instance, it was evidenced that for TiO 2 particles having a size below 11nm and 35 nm, anatase and rutile forms are the most stable, respectively [197] . As a result, most of the research work regarding photocatalytic removal of pharmaceuticals from waters and waste water has been performed considering either anatase or rutile TiO 2 .
TiO 2 nanoparticles, P25 was the first and most extensively studied nano-TiO 2. Over past few years, numerous studies have wit- nessed the application of TiO 2 for degrading some of the major drugs, such as clofibric acid, iomeprol and iopromide [199] , tetracycline, lincomycin [200] furosemide, ranitidine (hydrochloride), ofloxacin, phenazone, naproxen [201] , sulfamethoxazole [202] , acetaminophen [203] , ibuprofen and carbamazepine [204] oxytetracycline [205] , lorazepam [206] , and chlorhexidine [207] . However in all such studies, the efficacy of pristine TiO 2 nanoparticles was largely hindered by following limitations i) wide band gap, ii) recombination of electron-hole pairs, iii) catalyst loss when used in suspended form [174] . TiO 2 has a wide band gap of 3.2 eV limiting its light absorption efficiency up to UV radiations which accounts for only 3-5% of the total solar illumination leaving 95% unused [208] . Also, 90% of photo-generated e-/h+ pairs show rapid recombination resulting in low photonic efficiency of TiO 2 nanoparticles [209] . Thus, the development of performance improvements by using various methods, such as doping and loading of metal and non-metal atoms to reduce band gap and charge recombination [210] , incorporation within support materials to enhance reuse [211] , coupling with visible light excited semiconductor and carbonaceous materials (CNT, graphene) [208] has become the main focus of researchers worldwide.
Nano-TiO 2 with Dopants
Doping with non-metals, such as nitrogen, boron, carbon, fluorine, chorine and sulphur have been widely explored because of an effective overlapping between the TiO 2 band states and newly formed states upon doping [210] . This results in an efficient transfer of photo excited charge carriers to reactive surface sites enhancing their photocatalytic activity. A major breakthrough by Asahi et al. (2001) [212] evidenced an enhanced visible light driven activity of TiO 2, while doping with nitrogen. Since then, a lot of work has been performed on non-metal doped TiO 2 showing enhanced photocatalytic activity. Nitrogen is ascertained to be the most beneficial due to its low ionization energy, stability and atomic size comparable to oxygen . Thus the oxygen vacancies in N-doped TiO 2 can facilitate better photocatalytic activity under visible light irradiation [213] . Nitrogen also affects the surface and electronic properties of TiO 2 by controlling the transfer of charge carriers and determining the light response range and redox power of carriers, respectively [212, 214] . For example, Vaiano et al. (2015) [215] performed the photocatalytic removal of spiramycin using N-doped TiO 2 and obtained almost complete mineralization within 4 hours of irradiation. In another study, TiO 2 nanoparticles/nanosheets co-doped with nitrogen and sulphur were investigated for the removal of Ibuprofen (IBP) and Naproxen (NPX) under simulated solar illumination conditions. The co-doped nanomaterials showed very high removal efficiency (85% IBP, 99.3% NPX) due to the synergistic effects of nitrogen and sulphur which resulted in better separation of photogenerated electrons and holes with higher-visible light adsorption [216] .
Similarly, metal dopants such as iron (Fe), nickel (Ni), Copper (Cu), silver (Ag), gold (Au), platinum (Pt), cobalt (Co) and chromium (Cr) have also been used for functionalizing TiO 2 nanoparticles via forming a hybrid conduction band with a lower band gap energy, thereby enhancing the visible light adsorption. This also suppresses the recombination of photo-generated electron and holes due to the easy transfer of electrons to the conduction band. Dopants may also change TiO 2 crystallinity by introducing structural defects and impurities at energy level thus narrowing the band gap of TiO 2 [219] . Recently, a 92.30% degradation of Bisphenol-A was obtained within 180 min of UV irradiation using iron-doped TiO 2 nanocomposite [220] .
As mentioned earlier, the catalytical efficiency of nano-TiO 2 can be enhanced significantly by co-doping either two metals/nonmetals or one metal-non metal pairing [221] . Co-doping may increase OH -groups on to the surface of nano-TiO 2 improving the stability of desired defects in TiO 2 crystal lattice and reducing the photo-generated electron hole pair recombinations [222, 223] . For example, Buda and Czech et al. (2013) achieved an effective (80%) degradation of diclofenac in wastewater by using carbon/nitrogen co-doped TiO 2 [224] . Segne et al. (2011) [225] evaluated the photocatalytic degradation of pharmaceuticals using Mg +2 /Cu +2 co-doped TiO 2 which showed shifts in the absorbance band from UV to visible region reducing the band gap energy from 3.2 eV to 2.50 eV. However, the thermal stability of the material often gets reduced when doped with metallic species, which can be overcome by codoping of metal/non-metal combination, rather than two metals [226] . In a recent work [227] , tin metal was introduced within crystalline lattices of nitrogen-doped TiO 2 NPs and subsequently employed for the photocatalytic degradation of zopiclone under sunlight. While increasing tin content not only reduced the band gap energy of nitrogen-doped TiO 2 from 2.91 to 2.82 eV, the synergistic effects of nitrogen and tin also extended the lifetime of photogenerated electron-hole combinations. As a result, co-doped nano-TiO 2 exhibited 91% degradation of the hypnosedative, zopiclone within two hours.
Carbonaceous-TiO 2 Nanocomposites
Carbon materials because of their high specific surface area, great mechanical strength, superior electron mobility and excellent stability possess the inherent characteristics to act as carriers for the development of high performance photocatalysts. Interestingly, the carbonaceous-TiO 2 nanocomposites have shown excellent photocatalytic activity through high adsorption, facile charge separations and increased visible light absorption [2, 227, 228] . Many efforts have been done to fabricate carbonaceous-TiO 2 nanocomposites for the effective removal of PhACs from water and waste waters since long. For instance, Tao et al. (2015) [229] synthesised grapheneTiO 2 nanotubes for the photocatalytic removal of acetaminophen and achieved a degradation rate of up to 96% in 3 hrs under UV light irradiation. The use of MWCNTs as a carbonaceous support material was also reported for the effective removal of diclofenac and erythromycin drugs from the wastewater [230] , where MWCNTs acted as electron scavenger thus inhibiting electron-hole pairs recombination [231] . Recently, Karaolia et al. (2018) [232] investigated the performance of the TiO 2 -rGO nanocomposite for the removal of Sulfamethoxazole (SMX), Erythromycin (ERY) and Clarithromycin (CLA) antibiotics under solar radiation in urban wastewater. They speculated that the TiO 2 -rGO demonstrated exceptional electron mobility because of its delocalized conjugated structures resulting in separation of electron and holes from each other in the resulting TiO 2 nanocomposite. rGO could also be considered as a potential electron acceptor for the restraining of photogenerated electron-hole pair recombination. The nanocomposite effectively degraded ERY (84±2%) and CLA (86±5%), while mineralization of SMX (87±4%) was found to be slightly better than with pristine TiO 2 .
Though being the most effective nanomaterial for degrading several persistent contaminants in water/wastewater, the use of TiO 2 in slurry type suspensions exhibits some practical limitations as it is troublesome to separate the ultra-small TiO 2 nanocomposites from treated samples. On account of this, several strategies such as coupling of magnetic material with TiO 2 , immobilization of TiO 2 on support matrix, TiO 2 nanotubes and nanosheets has been designed so as to enhance their reuse and easy recovery, thus making the treatment process more efficient as well as economical.
Zinc Oxide (ZnO) Based Nanomaterials
There has been a growing interest in employing ZnO nanomaterial for the photocatalytic removal of organic/inorganic contaminants. Being a semiconductor material, ZnO possess several beneficial features i.e., high electron mobility (>10-100 times than TiO 2 ), high quantum yield and large free exciton binding energy which could emerge as a potent alternative to TiO 2 for photocatalysis [14] . Various nanostructures of ZnO such as nanoparticles, nanobelt, nanorod, nanoplate and hollow sphere have been evaluated for the photocatalytic degradation of PhACs with varying efficacy [233] [234] [235] where ZnO performed even better than TiO 2 [236] . As indicated, ZnO can absorb a larger fraction of the UV spectrum and has more photonic efficiency than the TiO 2 . Moreover, ZnO is more efficient in the production of free radicals and mineralization of organic contaminants than TiO 2 [14] . Various kinds of intrinsic defects such as oxygen interstitials, oxygen vacancies, zinc interstitials, zinc vacancies and defects in ZnO contribute to the better emitting properties help to set up a highly efficient catalytic system for the removal of recalcitrant environmental contaminants [237] [238] [239] . For example, metronidazole was degraded photo catalytically using nano ZnO in wastewater with the mineralization efficiency and reduction in chemical oxygen demand by 96.5% and 95.4% respectively [240] . Similarly, a successful degradation of metamitron pesticide was achieved using ZnO NPs exposed to UV irradiations (300W) [241] . Other recalcitrant PhACs such as ciprofloxacin [242] , monocrotophos [243] , paracetamol [244] , tetracycline, cloxacillin, ampicillin, and amoxicillin [245] have been mineralized by employing ZnO photocatalyst under UV or solar irradiations.
Nano-ZnO with Dopants
Despite these successes, the recombination of photo-generated electron-hole pairs is still the major hindrance in the process of ZnO photocatalysis, as also observed in the case with TiO 2 [246] . It reduces the quantum yield and causes energy wasting. For this, doping of ZnO with metals and non-metals [247, 248] , carbonaceous support material [249] and coupling with semiconductors [250] have been validated. All these studies indicated that doped-ZnO prevented the charge recombinations, which lead to the generation of more hydroxyl radicals and active oxygen species while contributing to the efficient photocatalytic activity. Especially the presence of metal as dopants enhanced the charge separation between holes and electrons thus suppressing recombinations. In addition, dopants may also act as electron scavengers to ZnO NPs improving their photocatalytic activity [251] . ZnO nanoparticles have shown improved photosensitivity towards visible light by doping with agents such as manganese [252] , cobalt [253] , copper [254] , silver [255] , iron and nickel [256] . In a recent study, the La-doped ZnO nanomaterial was evaluated for the photocatalytic degradation of paracetamol in aqueous suspension. The La-doped ZnO showed better photocatalytic activity when compared with pristine ZnO and nearly 80% of the drug was degraded within 180 min of irradiation [244] . Samarium-doped ZnO NPs were prepared by sonochemical method for the photocatalytic removal of phenazopyridine under ultrasonic irradiation [257] . The synthesized material showed a hexagonal Wurtzite structure where Sm 3+ ions get incorporated into the lattice of ZnO inducing charge transfer between f levels of Sm 3 and valence or conduction band of ZnO. As a result, narrowing the band gap of Sm-doped ZnO with reduced charge recombinations exhibited 90% of degradation rate for phenazopyridine using different oxidants as additives within the photocatalytic systems.
ZnO-based Nanocomposites
Several attempts have also been adopted to suppress the recombination rate of the photogenerated electron and hole pairs using modified ZnO with graphene [258, 259] . Graphene functions as an excellent acceptor of electrons with superior electrical conductivity and high surface area with high visible light optical transparency. On account of this, various studies have been conducted to study the synergistic effect of graphene and ZnO on the photocatalytic activity of graphene-ZnO hybrids [260, 261] . For instance, [262] synthesized well dispersed, densely loaded ZnO NPs over GO's surface. The designed nanocomposite not only displayed high photocatalytic activity, 99% pollutant removal was achieved over four cycles via simulated sunlight irradiation. In a recent work [263] , ZnO nanorod-activated carbon fiber composite was synthesized using green, cost-effective synthetic route. The ZnO rod-ACF composite exhibited a high photocatalytic degradation of tetracycline in the first cycle (99%) and with cycles of utilization and regeneration the efficiency decreased due to the gradual loss of the ZnO from the ACF surface on cleaning. In another study, the nanoadsorbent-assisted photocatalytic degradation of ciprofloxacin was achieved through ZnO coupled with nano-cellulose and graphene oxide [264] . The coupling of ZnO with TiO 2 /clay nano architectures has also been documented to show better charge separation efficiency as well as narrowing of band gap [265] . The hetero-junction formed between TiO 2 -ZnO ZnO restrained the charge pair recombination rate and eventually, the nanocomposite could almost completely degrade both acetaminophen and antipyrine drugs after 2 five hour cycles under sunlight irradiation. Another research group fabricated a highly photosensitive ZnO/WO 3 photocatalysts by employing wet impregnation and hydrothermal routes [266] . The designed ZnO/WO 3 displayed narrow band gap because of the difference in energy levels between ZnO and WO 3 . ZnO played the role of cocatalyst to trap the photogenerated electrons, while WO 3 behaved as a sink for photo-generated holes, thereby reducing the charge pair recombinations. Nevertheless, having a comparatively low production cost (75% lower in comparison to Al 2 O 3 and TiO 2 ), non-toxic and ability to absorb larger fraction of solar spectrum could not establish ZnO without any drawbacks in view of its photo-stability in aqueous solution [236, 267] . ZnO undergoes photo-corrosion with UV radiations reducing while Zn 2+ ions released form bulk ZnO were found to be toxic when present in water bodies [268] . Thus, a deep knowledge for the development of photocatalyst which could be both photo-catalytically effective and environmentally friendly is yet to be explored by the future researchers.
Iron Oxide Nanomaterials
Iron oxide based nanomaterials can emerge as a promising material for wastewater treatment thanks to their low cost, high photocatalytic activity, easy recovery and enhanced stability [269, 270] as illustrated in Fig. (6) . Having a narrow band-gap of 2.2 eV, iron oxide NPs can be an alternative to the nano-TiO 2 which can perform photo-degradation under visible light condition more effectively [271] . A number of species of iron oxides such as -Fe2O3, -FeOOH, -FeOOH, -Fe 2 O 3 and -FeOOH have been proposed to degrade organic pollutants [272] . Magnetite (Fe 3 O 4 ) and maghemite (c-Fe 2 O 3 ) are the two commonly employed forms of iron oxide nanomaterials in nature due to the ease in synthesis. Iron oxide nanoparticles demonstrate a special class of advanced oxidation process referred to as 'photo-Fenton reaction' when used for photocatalytic treatments under the visible light illumination. The photoFenton degradation process typically involves the production of hydroxyl radicals (OH•) during the reaction between hydrogen peroxide and Fe(II), [273] where the hydroxyl radicals eventually oxidize the complex organic pollutants into harmless constituents and/or ions. In addition, Fe(II) can be restored either as a result of interaction between Fe(III) and the excess of hydrogen peroxide or with HOO• radicals available in the reaction solution [274] . Rozas et al. (2010) [275] compared the degradation of ampicillin by Fenton and photo-Fenton reactions under the influence of three different parameters, solution pH, H 2 O 2 and Fe(II) concentration. Under optimized conditions, ampicillin was degraded completely in 10 and 3 minutes employing Fenton and photo-Fenton reactions, respectively. Similarly, iron oxide-based nanocomposites synergistically mediated both photocatalysis and photo-Fenton degradation properties so as to increase the efficiency of the treatment process. Synthesis of ammonia-modified graphene sheets decorated with Fe 3 O 4 nanoparticles has been cited as an eco-friendly catalyst for the degradation of organic contaminants [276] . Bansal et al. (2017) [277] also studied the synergistic effect of photocatalysis and photo-Fenton using novel clay for the degradation of cephalexin. Composite beads showed superior degradation (89%) as compared to consider the photocatalysis (81%) and photo-Fenton (79%) alone. Though being one of the highly efficient catalysts, one limitation that is responsible for the declined activity of iron-oxide NPs is their ultrafast electron-hole charge recombination on the surface. Deposition of some noble metal (Ag, Au, and Cu) on the surface of iron oxide nanoparticles may, however, limit this issue. For instance, gold/iron oxide aerogels have been used as photocatalysts to degrade the contaminant present in water under ultraviolet light irradiation [278] . The surface modification methods thus bring new opportunities for designing highly efficient iron oxide based photocatalysts for the removal of pharmaceutical contaminants in wastewater.
Other Nano Photocatalysts
Many other nanomaterials such as graphitic carbon nitride (g-C 3 N 4 ), cerium oxide, tungsten dioxide (WO 3 ), ZnSnO 3 nanospheres have also attracted tremendous fascinations as photocatalysts for PhACs removal. For instance, the application of (g-C 3 N 4 ) for photocatalysis was first reported in 2006 for the photocatalytic splitting of water under visible light irradiation [279] . Since then g-C 3 N 4 has been used in an increasing number of photocatalytic reactions and also as an efficient catalyst for PhACs removal. A novel metal-free nano-catalyst, graphitic carbon nitride (g-C 3 N 4 ) was designed to work as an efficient, non-toxic, low-cost, and stable catalysts for photocatalytic removal of emerging contaminants from waste water [190, 280, 281] . As an analogue of graphite, it has a 2D structure made up of tris-triazines interconnected via tertiary amines. It shows a medium band gap of 2.7 eV, with conduction and valence band at -1.1eV and +1.6eV respectively. Thus, it shows great activity in visible light spectrum for a range of photocatalytic reactions. As per the thermo gravimetric analyses, it may remain stable in air up to 600°C due to its aromatic C-N heterocycles. Another feature that makes g-C 3 N 4 a very promising photocatalyst is its polymeric nature with excellent flexibility to act as an outstanding compatible host matrix for various nanoparticles [185, [281] [282] [283] [284] [285] . Meanwhile, its low surface area and rapid recombination of generated electron hole pairs limit its effectiveness as a photocatalyst [185] . Several approaches such as exfoliation of g-C 3 N 4 into various morphologies (nano flower, nano rods , nano stems) and doping it with other elements (carbon, phosphorus, sulphur, potassium, iodine, silver, and gold) and semiconductors (ZnO and TiO 2 ) have been reported to improve its photocatalytic activity [286] [287] [288] [289] [290] [291] . For instance, an environment-friendly iodine and potassium co-doped g-C 3 N 4 photocatalyst was used for the removal of sulfamethoxazole, an antimicrobial drug [292] . The co-doping improved the photo-absorption properties by suppressing charge recombination and causing a red shift to absorb the lower energy visible light. The designed novel photocatalyst attained an incredible degradation rate of 99% within 45 min of visible light irradiation. A similar carbon-doped, supramolecule-based g-C 3 N 4 was used for the removal of persistent micro pollutants such as atrazine and carbamazepine [293] .
In case of graphitic carbon nitride, the formation of intimate heterojunction with appropriate semiconductors is another effective strategy to enhance the photocatalytic performance. Various kinds of g-C 3 N 4 -based heterojunctions, for example, WO 3 /g-C 3 N 4 , graphene/g-C 3 N 4 , Au/g-C 3 N 4 , ZnO/g-C 3 N 4 , MoS 2 /g-C 3 N 4 , TiO 2 /g-C 3 N 4 , TaON/g-C 3 N 4 , CdS/g-C 3 N 4 , Bi 2 WO 6 /g-C 3 N 4 , WO 3 /g-C 3 N 4 , and BiOBr/g-C 3 N have been developed [285, 294] . The g-C 3 N 4 /ZnO nanocomposite is cited as an example to explain heterojunction-type photocatalytic system in Fig. (7) . As indicated, the excited electrons move from the higher energy potential CB of g-C 3 N 4 to the lower energy potential CB of ZnO, resulting in lowering in electron reducibility. Hence, electrons from the CB of ZnO would eventually degrade the target contaminants via reduction. In addition to this, the transfer of holes from the VB of ZnO to the VB of g-C 3 N 4 further contribute towards limiting hole oxidation. In another study, graphitic carbon nitride (g-C 3 N 4 )/TiO 2 hybrid photocatalyst was tested for degrading acyclovir under visible light [295] . Although an efficient removal of drug was achieved within 90 minutes, the process also produced three persistent intermediates which were found to be toxic if remained in the environment. It indicated that while graphitic carbon nitride could efficiently be utilized for wastewater treatments, certain preventive measures must be adopted before using it to remove recalcitrant pharmaceutical pollutants. Fig. (6) . Important properties of iron oxide magnetic nanoparticles for wastewater treatment applications. Fig. (7) . Schematic illustration of conventional heterojunction-type a mechanism of C3N4/ZnO for charge carrier separation.
Cerium oxide with oxygen vacancies is another photocatalyst that can be employed for the oxidation of certain compounds. It is the least explored area of nanotechnology with the potential to offer visible-light active photocatalysts [296] . It possesses unique characteristics such as its high oxygen storage ability, band gap of 2.5 eV, valence change between Ce 4+ and Ce 3+ states which can be useful in hindering the recombination of photogenerated electron-hole pairs and non-toxicity [297] . Till now it has been widely used for the removal of dyes [297] and heavy metals [298] from the wastewater and its usage for the removal of pharmaceutical contaminant is unexplored. Thus providing opportunities for researchers to design novel cerium oxide based nanocomposites which can be employed for removing pharmaceutical contaminants from water and waste water.
Tungsten dioxide (WO 3 ) (narrow band gap of 2.4-2.8 eV, high oxidation potential of valence band (3.2 VNHE), low conduction band potential (+0.3 to 0.5 VNNHE), non-toxicity and high stability) has also been studied for the photocatalytic removal of PhACs [299] . However, the low conduction band edge often results in rapid recombination of exciton and reduced photocatalytic activity. Hence, the doping and deposition of metals on WO 3 and coupling it with other semiconductors was employed to reduce the recombination rate and to promote photocatalytic activity under visible spectrum [300, 301] . In context to this, WO 3 -TiO 2 based photocatalysts was designed earlier which showed an efficient removal of caffeine, metoprolol and ibuprofen within 40 min of solar light irradiation [302] . The highest catalytic activity of this material was attributed to the WO 3 which increased the adsorption capacity and catalytic ozonation ability of the resulting nanocomposite. Numerous studies has since reported for the removal of other emerging contaminants i.e., sulfamethoxazole [303] , lidocaine [304] , carbamazepine [305] , and acetaminophen [306] . Another novel photocatalyst, ZnSnO 3 hollow nanospheres was reported to show an efficient photocatalytic degradation of metronidazole under Ultraviolet (UV) light irradiation [307] . More interestingly, the photocatalytic activities of ZnSnO 3 were seen to be improved by coupling with graphene oxide (~30.4% increase in degradation), attributing to the enhanced adsorption efficiency and increased visible light absorption. Table 1 summarizes the catalytic performances of other hybrid photocatalysts for the removal of major pharmaceutical contaminants.
Catalytic Ozonation
Ozonation has been extensively used for removal of organic contaminants in drinking water and wastewater treatment. Pharmaceutical contaminants, however, show slower ozonation kinetics as compared to other organic contaminants. The large surface area, more reactive surface sites, easy modification and mass transfer makes nanomaterials a unique catalyst for ozonation reaction. Several nanomaterials, such as graphene oxide, CNTs, metal oxides have been employed by researchers for effective ozonation of PhACs from aqueous solutions [327] [328] [329] [330] [331] [332] .
The integration of ozonation with the intrinsic properties of nanomaterial has shown a synergistic effect for the removal of pharmaceutical contaminants. Photocatalysis is frequently coupled with ozonation process for enhanced removal of PhACs [333] [334] [335] [336] . TiO 2 nanoparticles immobilised on ceramic plates was reported for catalytic ozonation of phenazopyridine [337] . The experiment was conducted in the proximity of oxygen and/or ozone under irradiation of UV-A light. The removal efficiency was observed to be 85% in just 35 minutes, which was higher than the photocatalysis and ozonation alone. Yin and co-workers [338] used iron oxide magnetic nanoparticles for ozonation of sulfamethoxazole. The reaction rate constant showed a drastic increase by 51 % at pH 5 adding iron oxide nanoparticles. It was concluded that iron oxide induced the production of Lewis acid active sites in sulfamethoxazole which were much easier to attack; hence the reaction rate was increased. The iron oxide nanoparticles based ozonation was economically feasible than simple ozonation process.
Apart from this, the surface chemistry of catalyst plays a crucial role during ozonation reactions. The presence of functional groups over catalytic surfaces directly affect the production of oxidizing species and hence the ozonation efficiency. For this, surface modified nanomaterials have been employed to enhance their catalytic activity for ozonation of PPCPs. For example, the effect of capped MgO nanoparticles for the removal of acetaminophen via ozonation was investigated recently [339] . A high specific surface area for capped MgO nanoparticles (257.3 m 2 g -1 ) indicated high density of surface functional groups, which manifested a complete degradation of pollutants within 15 minutes of reaction time in couple with ozonation process. Despite the promising results shown by catalytic ozonation, the application of the particular method is still somewhat limited. A lack of understanding about the particular mechanism by which the reaction occurs and the precise role of nano catalyst are the two restraining factors which limit the large scale practical relevance of this method.
Nanofiltration
Nanofiltration membranes are widely explored for the removal of pollutants in wastewater treatment owing to their easy operation, high efficacy, and high retention of multivalent anion salts, relatively low investment and better removal capacity of nano-sized molecules. The choice of the membranes depends largely on the size and nature of pollutants along with the desired pore size [340, 341] . Out of all the pressure driven processes, nanofiltration and reverse osmosis are considered as the most promising methods because they can easily separate the dissolved organic and inorganic ions and are also capable of filtering hard ions from the water sample [341, 342] . First acknowledged in the late 1980s, the nanofiltration is a pressure driven membrane with properties in between Reverse Osmosis (RO) and Ultrafiltration (UF) membranes [341, 343] . In a pressure-driven membrane processes (ultrafiltration, nanofiltration, microfiltration and reverse osmosis), a pressure is exerted on the solution at one side generating a driving force so as to separate it into permeate and retentate [344] . The performances of nanofiltration membranes are largely affected by several factors, as illustrated in Fig. (8) . The higher energy demand, expensive clean-up procedures and replacement of membranes as a result of the membrane fouling are the major limitations associated with this technique. Current advances in nanotechnology provide a wide scope for the advancement in the performance of the membrane technologies. In particular, the incorporation of nanoparticles in the membrane for the mitigation of membrane fouling and flux enhancement has been reported by many researchers [345, 346] . The usage of NPs in the membrane not only provides high degree of control over fouling but is also capable of synthesising desired hybrid membranes with tuneable functionalities [347, 348] . The most widely used nanomaterials as fillers are metal oxides, CNT and zeolites [349, 350] . Metal oxides, such as TiO 2 when incorporated in membranes have been witnessed to promote its permeability, stability, flux enhancement or fouling resistance owing to the self-cleaning properties imparted by the nanoparticles to the resulting hybrid membrane [351] [352] [353] . A novel inorganic-polymer hybrid membrane consisting of TiO 2 incorporated in the regenerated cellulose membrane was developed for the dehydration of caprolactam by pervaporation [354] . [355] fabricated hybrid nanofiltration membranes composed of 2D GO sheets, CNTs and AC which successfully removed 98.9% of Tetracycline Hydrochloride (TCH) from water by vacuum filtration. As shown in Fig.  (9) , CNTs were uniformly dispersed within GO membrane through van der Waals interactions. As a result, the GO/CNT membrane exhibited a more porous structure compared with pure GO. The results were well corroborated with TEM analyses where no holes or cracks were observed in the GO/CNT and GO/AC membranes.
Similarly, a regenerated cellulose/TiO 2 composite membrane was evaluated for its photocatalytic activity to degrade organic contaminants [192] . The resulting inorganic-organic nanocomposite membrane had an ultrafine nano-porosity, high strength, good absorption efficiency while the photocatalytic efficiency was improved further using nitrogen-doped TiO 2 . However, the major limitation in the application of TiO 2 nanoparticles to polymeric membranes is that nano-TiO 2 present in the surface layer not only degrades organic contaminants but also the organic material thus reducing the life time of the support material. To avoid these hindrance efforts have been made to apply metal oxide nanoparticles to metallic micro sieves having uniform pore and pore size distribution. Also, the use of ceramic membranes in place of polymer act as an alternative to increase the mechanical stability of the membrane [356, 357] . Fernandez et al. (2014) [358] evaluated the removal of 29 different PhACs using TiO 2 incorporated in a ceramic membrane under UV light irradiation. Even though ceramic membranes are expansive than polymeric membranes but are selected because of their good thermal stability, superior chemical and biological resistance, and are functional in wide pH range [359, 360] .
Carbon nanotubes with unique characteristics of in mechanical, thermal, and electrical are also shown to improve the permeability and selectivity of the membrane for higher adsorptive and catalytic removal of PhACs [361, 362] . CNT acts as a water channel for the when introduced in the membrane matrix hence shows a large potential for water treatment. A Polyethersulfone/Carbon Nanotubes (PES/CNTs) based Mixed Matrix Membranes (MMMs) synthesized by phase inversion method was used for the purpose of nanofiltration. The designed nanocomposite demonstrated the highest water flux of 38.91 L/(m 2 h) with 87.25% solute rejection at 4 bar [363] . In a recent work, cross-linked Mixed Matrix Membranes (MMMs) consisting of amine functionalized MWCNTs and P84 polyimide displayed a superlative rejection of 92.1% to tetracycline from aqueous solution [364] . However, one major drawback with hybrid membranes is the depreciated rejection ability resulting from the blocking of the pores or channels due to the agglomerated nanoparticle on the membrane surface. One work has been cited recently on the application of nanoparticle which shows better dispersion on the membrane surface [365] . Authors synthesised a zeolite-nanoparticlesembedded thin-film nanocomposite membrane with increased surface roughness. The incorporated zeolite nanoparticles were anchored strongly enough into the membrane surface solving the problem of both leaching and particle agglomeration. The modified membrane shows up to 90% rejection of PhACs attributed to the microporous defects between the zeolite and the polyamide matrix and internal pores of zeolite nanoparticles Above all, some of the major complications for the application of membrane technologies for pharmaceutical contaminant removal are the membrane fouling and high energy utilisation. Thus efforts need to be done while synthesizing membranes with high permeability, flux, selectivity and hydrophilicity for discouraging membrane fouling. Also, the hybrid treatment methods could be adopted which involve the combination of membrane filtration methods with other technologiess such as advanced oxidation processes and catalytic ozonation for enhancing the efficiency of treatment processes. Also, the advancement in the membrane process will significantly reduce the operational cost thus providing a major application to be investigated broadly for future research and studies.
CONCLUSION AND FUTURE PERSPECTIVES
This article critically evaluates the potential of nanomaterials employing adsorbents, photocatalysts, catalytic ozonation and nanofiltration as the major strategies for efficient removal of pharmaceutical ingredients, drugs, and other emerging contaminants from potable or treated wastewater. Without any exception, all studies concluded that the nanoscale materials have tremendous potential for degrading PhACs in aqueous suspensions on account of their high efficacy, low-cost, and easy handling characteristics. Following conclusions were drawn from the collated information; • Carbon and zeolite based nano-adsorbents are more efficacious to remove emerging contaminants than their bulk forms. Various physico-chemical characteristics, such as solution pH, temperature, number of adsorption sites, surface hydrophilicity and surface functionalization need to be optimized in order to improve their regeneration capacity.
•
Most of the studies included have used nano-photocatalysts in suspended forms which are difficult to separate from the reaction mixture. Moreover, they are prone to be exhausted after degrading the pharmaceutical contaminants and thus cannot be used again. Immobilization of photocatalysts either on to some support matrices or as in nanocomposite form would enhance their recovery, making them economical to be reused over repeated cycles.
The mechanism of photocatalysis relies upon a number of parameters such as catalyst concentration, reaction conditions, and type of target pollutants. Thus, further investigation and deep understandings regarding the mechanism of tuning photocatalyst and its reaction parameter is required for the sake of the rational design of highly effective photocatalysts.
All studies took the liberty to remove one or two model contaminants after suspending in distilled water, which could not mimic the real wastewater conditions. The inherent physicochemical conditions of water i.e., alkalinity, hardness, and the presence of natural organic matter can adversely affect the catalytic performance of nanomaterials. It is therefore important to conduct studies using a consortium of model drugs using the real water/wastewater conditions. • Although most of the available literature indicated that nanomaterials demonstrate quick response at low dose concentrations, all studies were conducted in batch scale mode at laboratory scale only. Thus, it is difficult to conclude at this level that nanomaterials can be proven equally effective at pilot or large scale applications where their commercial viability is doubtful. Moreover, the usage of nanomaterials in colloidal or suspended form may also pose toxic implications to our ecosystem. Currently, there is a lack of any regulatory guidelines, policies and standard protocols regarding safety and use of nanomaterials. Hence, while nanomaterials appear to improve environmental sustainability by removing pharmaceutical pollutants, they probably would be the future cause for environmental threat due to their unregulated release in the system during synthesis, application, and disposal. Some of the recent reports on nanotoxicology have clearly corroborated to this view where no nanoparticles were considered as safe or non-toxic and often found to be introduced in the human body through water, soil and even air.
Another important consideration which was entirely missing in most of the studies is the fate of PhACs or PPCPs after degradation via either photocatalysis or ozonation. It is a known fact that byproducts formed during catalysis or photochemical reactions may often be more toxic than their parent compounds. Therefore, it is equally important to monitor those by-products, their concentration, stability and other physico-chemical attributes. The evaluation of Total Organic Carbon (TOC) or Chemical Oxygen Demand (COD) removal in the catalytic process becomes an essential feature for the successful validation of pharmaceutical decontamination after treatments.
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